Praetorius HA. The primary cilium as sensor of fluid flow: new building blocks to the model.
Upon my arrival in 2000 in the laboratory of Dr. Kenneth R. Spring at the National Institutes of Health in Bethesda, MD, my introduction to the primary cilium was a little backward. In the Spring laboratory, every microscope was equipped with ingenious homemade gadgets not found elsewhere, tweaking the microscopes to the outermost in terms of resolution and contrast. In this microscopist's Eldorado, not even the slightest impurity or membrane bleb of the cultured cells could go unnoticed. A fellow "postdoc," who was exceedingly conscientious, was very worried about what appeared to be hyphens in an overgrown culture of Madin-Darby canine kidney (MDCK) cells. "No, no, those are primary cilia," Dr. Spring answered. I was none the wiser. However, when asked if I, as a trained patch-clamper, could please manipulate their position, I naively thought, "no problem."
So the systematic investigation of one possible function of the primary cilium was initiated, by chance, by a completely ignorant postdoc. Normally, such an exercise would be doomed to failure. In this instance, however, the process was guided by the most capable supervisor one could ask for: one who knew exactly when to challenge, when to cheer, and when to stay in the office. Without any genuine expectations of what was to be found, the process was at least relatively unbiased and left behind many elaborate theories that never saw the light of day.
A very crude model of the primary cilium as a flow sensor ( Fig. 1 ) was ready after about one year. Our data showed that direct bending of the cilium by application of negative pressure to a pipette placed near the cilium or bending of the cilium by increasing the fluid flow over the apical membrane resulted in an increase in intracellular Ca 2ϩ concentration [Ca 2ϩ ] i in type I MDCK cells (73) . This [Ca 2ϩ ] i response was characterized by bending of the cilium with a micropipette and by an increase in laminar fluid flow over the cell culture. In both instances, the response required Ca 2ϩ influx from the apical surface, and this influx could be inhibited by substances that generally inhibit nonselective cation channels permeable to Ca 2ϩ , e.g., Gd 3ϩ (73) . One very characteristic feature of the cilium-dependent [Ca 2ϩ ] i response was a considerable period of time between the initial stimulus and the maximal response, in contrast to direct pipette manipulation of the apical membrane, which resulted in an instantaneous increase in [Ca 2ϩ ] i . The reason for this gradual slow response remained unsolved for many years.
The cilium-dependent [Ca 2ϩ ] i response occurred initially in the cell to which the cilium was attached and then spread to surrounding cells (73) . This transmission to the neighboring cells was reduced by inhibitors of gap junctions and was presumed to result from diffusion of inositol 1,4,5-trisphosphate (IP 3 ) through the gap junctions. This issue may not be quite so simple and is discussed further in the description of paracrine amplification by ATP (see below). Moreover, we demonstrated that cells too immature to express primary cilia (73) and mature MDCK from which the cilium had been removed chemically (75) were significantly less sensitive to subtle changes in laminar fluid flow and that the existence of a primary cilium emerging from the apical surface sensitized the cells to flow.
Despite our own delight in having resolved this issue, the road to publication of our finding was long and paved with cobblestones of rejection letters. After yet another letter explaining the lack of interest to a broader audience, we almost gave up altogether. In desperation, Dr. Spring proposed that, as an alternative, we could print a couple thousand copies and distribute them by throwing them off the roof of Building 10 at the National Institutes of Health. Today, these findings have been verified in several studies on many types of epithelia and even in endothelial cells, which in certain situations may express primary cilia (40 -42, 51, 57, 59, 79, 80, 83, 84, 93, 108, 111) and, as it happens, have been observed to be relevant in many physiological and pathophysiological settings.
Initial Ca 2ϩ Entry
The first study on the cilium-dependent flow response established a requirement for Ca 2ϩ influx as one of the very early steps in the signaling mechanism (73) . Brief removal of extracellular Ca 2ϩ on the apical side of the epithelium was sufficient to make the cells completely nonresponsive to mechanical manipulation of the cilium by pipette or an increase in the fluid flow rate (73) . Similar results were achieved by blocking nonselective Ca 2ϩ -permeant channels with Gd 3ϩ . On the basis of these results, it was concluded that bending of the cilium activated a mechanosensitive channel permeable to Ca 2ϩ . It was assumed that this Ca 2ϩ channel was situated in the cilium or at the base of the cilium, because characteristics of the mechanoresponse to touching the apical membrane, including a lack of dependence on extracellular Ca 2ϩ (73) , were significantly different from those related to the cilium. Despite these data, it was not possible to detect the initial Ca 2ϩ increase in the cilium. Because of the proportion of the cilium (Ͼ0.2 m diameter), demonstration of entry of Ca 2ϩ into the cilium is technically challenging. The membrane-permeable fluorescent Ca 2ϩ probes did not accumulate in the primary cilium in sufficient amount to allow detection of the postulated ciliary Ca 2ϩ increase. Recently, there have been more reports on Ca 2ϩ signaling in primary cilia (18, 36, 96) . These studies take advantage of expression of Ca 2ϩ -sensitive constructs in the given cell type coupled to one of the proteins that primarily target the primary cilium. With this strategy, it is possible to accumulate an amount of Ca 2ϩ -sensitive fluorophore in the primary cilium sufficient to detect the ciliary Ca 2ϩ concentration ([Ca 2ϩ ]) changes over the background cytosol fluorescence. Su et al. (96) used a construct of myosin light kinase (M13), a circularly permuted GFP, and calmodulin, which was localized to primary cilia of NIH-3T3 and mIMCD3 cells with the 5-HT 6 receptor, for ciliary targeting. Via this construct, it was possible to successfully detect ciliary changes in [Ca 2ϩ ] in response to ionomycin and ATP (96) . Demonstration of a flow-induced increase in intraciliary [Ca 2ϩ ] is, however, complicated by the simultaneous displacement of the cilium. This was solved by coexpression of mCherry-GFP attached to 5-HT 6 , which is insensitive to changes in [Ca 2ϩ ]. From the ratio of backgroundnormalized GFP to background-normalized mCherry signal intensities, Su et al. showed that changes in fluid flow rate displaced the cilium and caused an immediate rise in intraciliary [Ca 2ϩ ]. Ca 2ϩ signaling in the primary cilium is generally interesting, because it truly is a very localized compartment that empties in a very localized area around the centriole. Because the cilium is free of other membrane compartments/organelles, it is reasonable to assume that the Ca 2ϩ -buffering capacity is relatively limited. When the ciliary volume is restricted, influx of only a few Ca 2ϩ ions is likely to change [Ca 2ϩ ] dramatically (75) . As the cilium only communicates with the cytosol in an area around the centriole, this particular location will be a hot spot for Ca 2ϩ signaling, which is likely to be essential in ciliary signal transduction. Local Ca 2ϩ signaling has been known for decades, and initiation through hot spots has been suggested to direct the intracellular Ca 2ϩ signaling in many cell types, e.g., cardiomyocytes (14) . In this context, it is interesting that the ciliary Ca 2ϩ signaling has been suggested to be confined to the cilium itself, and not to cause pancellular changes in [Ca 2ϩ ] (18). In the study of Delling et al. (18) , mCherry-GCaMP3 linked to smoothened was used to study intraciliary [Ca 2ϩ ], whereas fluo 4-AM loading was used to monitor cytosolic [Ca 2ϩ ]. Using this method, they showed that when the tip of the cilium was ruptured by a laser pulse, the increase in intraciliary [Ca 2ϩ ] did not spread to the cytosol, except from a minor event at the base of the cilium. This potentially suggests a diffusion barrier from the cilium to the cytosol for Ca 2ϩ , which, in principle, could be created by the alar sheets, which are transitional fibers radiating from the basal body toward the plasma membrane (104) . Another possible explanation is that the cytosolic buffering capacity of the cytosol for Ca 2ϩ is magnitudes higher than the buffering capacity of the cilium for Ca 2ϩ and that cytosolic buffers immediately sequester any Ca 2ϩ arriving at the cilium base. The latter explanation is very conceivable, in that Ca 2ϩ , uncaged in the cytosol, had no problem entering the cilium (18) -buffering capacity, it is likely to be cell type-specific and involve the proximity of the endoplasmic reticulum (ER) and mitochondria to the cilium base. Most of the data support the model illustrated in Fig. 2 .
It must be stressed that the cilium-dependent flow response was primarily measured as changes in [Ca 2ϩ ] i (40, 57, 73) . Thus, at least in some cells, it is likely to become a robust global [Ca 2ϩ ] i increase. This idea is supported by a recent study that primarily confirms a flow-induced increase in intraciliary [Ca 2ϩ ] (36) . In this study, GCaMP3 is directed to the primary cilium of LLC-PK1 cells by the ciliary-targeting domain of fibrocystin (36) . Using this construct, Jin et al. (36) showed that it was possible to measure changes in intraciliary [Ca 2ϩ ] and cytosolic [Ca 2ϩ ]. They demonstrated that low flow rates caused a bending of the cilium, followed by an increase in intraciliary [Ca 2ϩ ] and, immediately thereafter, an increase in cytosolic [Ca 2ϩ ] (36). It is, however, feasible that there will be cellular differences in whether a ciliary Ca 2ϩ response will generate a cytosolic Ca 2ϩ response. It was initially proposed that early Ca 2ϩ influx was potentiated by Ca 2ϩ -induced Ca 2ϩ release from intracellular stores. Later, it became clear that not all cell types show this pattern. It has been demonstrated that, in MLO-Y4 osteocyte-like cells, the cilium-dependent flow response requires Gd 3ϩ -sensitive Ca 2ϩ entry, which reduces the cAMP levels in the cells via inhibition of adenylyl cyclase 6 by a mechanism that apparently does not require a global increase in [Ca 2ϩ ] i (45) . In these cells, it is quite feasible that the bending-induced [Ca 2ϩ ] increase never occurs outside the cilium and, thus, is not converted to a pancytosolic Ca 2ϩ response but, apparently, is sufficient to inhibit adenylyl cyclase 6. This illustrates that there may very well be a difference in the cellular response downstream from the cilia-dependent part of the flow response.
The Ciliary Channel, Giving Rise to the Ciliary Ca 2ϩ Increase
One could ask why it is still is necessary to discuss which channel gives rise to the cilium-dependent Ca 2ϩ response. As mechanoinduced increases in the ciliary [Ca 2ϩ ] were only very recently demonstrated, there is only one study that directly implicates a particular channel in mechanically induced Ca 2ϩ influx in the cilium (36) . However, the transient receptor potential (TRP) channel polycystin 2 has long been a strong candidate for the central channel involved in the Ca 2ϩ entry triggered by cilium bending. Nauli et al. (57) showed that it was primarily deficiency of the binding partner of polycystin 2, i.e., polycystin 1, that was important for normal cilium-dependent flow sensing. They also provide data for a substantial reduction of the flow-induced [Ca 2ϩ ] i response by antibodies directed against polycystin 2 (57). Despite pending direct proof that polycystin 2 is the ciliary influx channel, several studies in support of the concept followed (1, 40, 42, 44, 51, 54, 57, 97) .
This evidence was particularly demanded, because polycystin 2 has been shown to serve other functions within the cell. Many of the above-mentioned results are challenged by data suggesting that polycystin 2 is acting as a Ca 2ϩ release channel situated on the ER (43) . The function of polycystin 1 is apparently similarly essential to the function of polycystin 2 in the ER (56) , where it interacts with the IP 3 receptor to manifest its effects (47, 85) . Since the cilium-dependent flow response in many cases has been shown be potentiated by downstream activation of IP 3 receptors/PKC activation (40, 73) or ryanodine receptors (57), studies implicating polycystin 2 in the cilium-dependent flow response could be explained by polycystin 2 acting as a Ca 2ϩ -permeant channel on the ER. Nonetheless, the primary ciliary membrane has been shown to express polycystin 2. This was initially demonstrated in Caenorhabditis elegans, where normal sensory behavior of the male depends on functional expression of the homolog of polycystin 2 in the cilia of the sensory neurons (7, 8) . Moreover, polycystin 2 must be expressed in the flagella of the spermatozoa to sustain normal fertility in Drosophilia (26, 102) . The presence of polycystin 2 has also been confirmed in mammalian cells by immunostaining (66, 110) , as well as functionally (17, 78) . There was, however, a marked time gap before evidence was provided by Kotsis et al. (41) that a reduction of polycystin 2 expression in the cilium itself would abrogate the flow response. In the most recent work on the topic, Nauli's group (36) is the first to show that polycystin 2 is needed for influx of Ca 2ϩ in the cilium. Knockdown of PKD2 with siRNA reduced polycystin 2 expression by Ͼ90% ] response of ciliated cells. Polycystin 2's property in terms of mechanosensation has been queried, and Kottgen et al. (42) tested whether it works in complex with TRPV4, which has these features. This study, in addition to confirming that cilia sense discrete flow rates, also shows that the cilium-dependent flow response requires TRPV4. TRPV4 is permeable to Ca 2ϩ (101) , which would potentially contribute to Ca 2ϩ entry in the cilium. This, however, remains to be established. release, which, in principle, is also a possibility for the IP 3 receptor, although it would be more likely that dependence on the IP 3 receptor results from 7TM receptor stimulation. This would, however, require stimulation by an extracellular molecule of sorts. One of the regular extracellular signaling molecules associated with mechanotransduction is ATP. Interestingly, ATP release and P2 receptor signaling have been shown to be involved in the cilium-dependent flow response (33, 72, 76, 109) . In this model (Fig. 3) , the subtle cellular response initiated by cilium bending is amplified by ATP release, and the purinergic response amounts to a substantial part of the overall response. This model is appealing in tissues working in a coordinated fashion, where it is not necessary that all cells experience the same degree of stimulation. Even though only a few cells reach the threshold for response, paracrine factors will reinforce a collective coordinated tissue response. It may also very easily explain the lateral signal transmission from the cell to which the cilium is attached to surrounding cells during manipulation of a single cilium. It is peculiar, but very interesting, that the ciliary current carried by polycystin 2 is augmented by extracellular P2 receptor activation by ATP (17) . One could easily envision that activation of a P2X receptor could contribute to overall ciliary current and even [Ca 2ϩ ] in the structure. This is, however, not the case. Apparently, UTP and ADP have an impact on current similar to that of ATP, which suggests that a P2Y receptor is mediating the response (17) . These findings would certainly explain why ATP release is such an effective amplification system for cilium-mediated flow response.
Amplification of the Initial Signal
A consequence of ATP-mediated amplification of the cilium-mediated flow response is that the response can appear slightly different in various tissues, depending on the specific P2 receptor expression pattern. For example, the aforementioned flow response in osteocytes has been suggested to be cilium-dependent; however, the downstream events from the initial Ca 2ϩ entry do not implicate Ca 2ϩ release from intracellular Ca 2ϩ stores but, rather, adenylyl cyclase activation, cAMP generation, and PKA activation. This could suggest that osteocytes merely have a different P2 receptor expression pattern, which alters the flavor of the downstream signaling. In this connection, it is interesting that osteocytes are known to express P2X 7 receptors, which would contribute to Ca 2ϩ influx, rather than Ca 2ϩ mobilization, from intracellular Ca 2ϩ stores. In this context, it is noteworthy that the P2X 7 receptor knockout mouse has reduced bone density (63) , and singlenucleotide polymorphism variants in P2X 7 have been proposed to identify women at greater risk of developing osteoporosis (27, 37, 103) .
The Primary Cilium Increases the Cell's Sensitivity for Subtle Flow Changes
The primary cilium is not a sensor of shear stress per se but, rather, is subjected to beam stress because of its structure. The mechanical properties of the primary cilium have been modeled on several occasions (81, 84, 87) . The primary cilium sensitizes cells to changes in laminar fluid flow, which means that particular attention must be paid to the way cells are mechanically stimulated to isolate the cilium-dependent flow response (70) . But is the primary cilium the only flow sensor? The short answer to this question is no. As pleasant as it is when answers are completely black and white, important information from the gray tones tends to be missed. In this case, it was known from the beginning from the abundance of shear stress data from nonciliated endothelial cells that the primary cilium could not be the only flow-sensing device (4, 19, 28, 88, 89 (4, 19, 28, 89) . The term shear stress is more appropriate in endothelial cells, considering the higher Reynolds number in the vascular system, where the entire luminal membrane of the endothelial cell is regarded as the flow-sensing apparatus (106) . Interestingly, a few studies have shown that, under pathological conditions where flow is significantly reduced, endothelial cells do express primary cilia (34) .
The cilium-dependent flow response is maximal at flow rates that are magnitudes lower (9, 73), i.e., shear stress of 0.1-0.2 dyn/cm 2 ; thus the stress on the luminal membrane in these situations is too low to be detected by the nonciliated version of the same cell type (73, 74) . Even in renal epithelial cells, primary cilia are not required for detection of changes in shear forces, if the shear stress is increased sufficiently. This is illustrated quite clearly in a study where the MDCK renal epithelial cell line, which is known to produce quite stable cilium-dependent flow responses, was subjected to shear stress far above that needed to trigger the cilium-dependent flow response (82) . In that case, the shear-mediated response was similar whether or not the cells possessed a cilium, and there was only a minor contribution from Gd 3ϩ -sensitive Ca 2ϩ influx (82) . Ergo, the primary cilia are not required to sense fluid flow on a larger scale, but the structure makes cells susceptible to minor changes in fluid flow that would otherwise go unnoticed. Thus the physiological importance of the primary cilium as a sensory organelle can only be evaluated in situations where the in vivo flow pattern is mimicked meticulously.
The Primary Cilium as Flow Sensor in Renal Epithelia
All renal tubules and the parietal layer of Bowman's capsule (5, 46, 69) express primary cilia; however, in the more distal part of the renal tubules, cilia are seen only in a subfraction of the cells (5, 50, 69) . Interestingly, the role of the primary cilium as a flow sensor is still heavily debated in the renal community. This is noteworthy, as the primary cilium was initially proposed to be the sensory mechanism. In cultured renal epithelial cells, where particular attention has been paid to isolation of subtle changes in laminar flow, there have been no problems with isolation of the primary cilium as an important sensitizer for detection of these changes (40 -42, 44, 73, 74, 83, 84, 90, 93) . Recently, Raghavan et al. (76) demonstrated that LLC-PK1 cells have a robust cilium-dependent [Ca 2ϩ ] i response that modulated endocytotic activity in a clathrin-and dynamin-dependent manner. They showed that a cilium-dependent flow response gave rise to increased endocytosis of albumin and dextran as a fluid phase marker ϳ15-30 min after the flow rate was increased (76) . In addition to showing absolute cilium dependence, Raghavan et al. reported that both the flow-induced [Ca 2ϩ ] response and endocytosis were abolished by intracellular Ca 2ϩ chelation and by scavenging of extracellular ATP by apyrase. Moreover, the entire system could be short-circuited by extracellular addition of 100 M ATP. Given the dependence of ryanodine-sensitive stores, the effect of extracellular ATP is unlikely to be mediated via P2Y receptors, which classically cause G␣ q -dependent IP 3 generation (38, 67) . This idea is consistent with a report that LLC-PK1 cells functionally express primarily P2X receptors (25) . Thus the dependence of intracellular Ca 2ϩ release apparently is purely a result of Ca 2ϩ -induced Ca 2ϩ release, where the Ca 2ϩ may, in turn, be a combination of Ca 2ϩ -permeable channels in the cilium and P2X receptors in the entire membrane. Nevertheless, this study confirms the established model for a cilium-dependent flow response and adds to the long list of reports about cilium-dependent, flow-induced responses in renal epithelial cells.
The consistent findings from cell cultures are not easily translated into isolated renal tissue. This is clearly a disappointment, because isolated tissue systems usually are a closer approximation of the in vivo situation than are cells in culture. When a finding from cell culture cannot be immediately replicated in freshly isolated tissue, it is often considered to be an artifact. In this case, one should be very careful in dismissing such a finding, because the laminar flow properties are easier to replicate and control in cell culture models. In isolated perfused renal tubules, it has been immensely difficult to isolate the cilium-dependent flow response, because changes in fluid flow rate in the tubular lumen also create a pressure gradient from the lumen to the bath. These pressure changes have been mimicked in a cell culture model, where the transepithelial pressure can be changed without a change in the net flow rate in the cell chamber. Data from the study of Praetorius et al. (71) show that the primary cilium has no role in the mechanical response caused by lateral stretching of the epithelium. The flow-induced response in the perfused renal tubules clearly has an element of stretch (35, 107) ; thus the epithelial cells will be subjected to two types of mechanical stimuli at the same time. Nonetheless, some cilium dependence of the flowinduced changes in tubular structures could be detected (49, 51) . This tubular stretch is not necessarily unphysiological. It is very likely that some changes in tubular diameter will occur during papillary contractions (20, 86) . Such changes are just more severe mechanical perturbation, which would occur under different circumstances from subtle changes in laminar flow rates.
The real controversy of the meaning of cilium-dependent flow response resides in the connecting tubule and the collecting duct. These segments consist of several distinct cell types; among these, the intercalated cells do not express primary cilia, whereas the principal cells do (5, 50) . Both of these cell types have been proposed to be the main cell type that senses fluid flow in the collecting duct. Since the intercalated cells do not have primary cilia, the cilium can hardly be responsible for flow sensing by this cell type. Arguments for flow sensing by the intercalated cells are compelling. The slight protrusion of the apical membrane of the intercalated cells into the lumen (50) potentially exposes them to mechanical stress. The ␤-intercalated cells express connexin30 (Cx30) in the apical membrane (52) , which suggests that these connexins not only form gap junctions but may form hemichannels in the apical membrane. Since these hemichannels are large unselective pores that allow passage of larger molecules such as ATP, they have been promoted as a major pathway for mechanically induced ATP release in these cells (52, 92) . This leads to a model where an increase in fluid flow is sensed by the intercalated cells, causing ATP release, which is then responsible for an autocrine-and paracrine-mediated increase in [Ca 2ϩ ] i . The notion that flow is sensed by the intercalated cells is supported by studies of flow-mediated K ϩ secretion in the same segment. This flow-dependent K ϩ secretion is mediated by the Ca 2ϩ -sensitive K ϩ channel K Ca 1.1 (24, 48) , which is functionally expressed preferentially in intercalated cells (64, 65) .
There are very few arguments against this model. One should, however, consider that the connexin hemichannel is not a selective ATP release mechanism. The notion that ATP is released through a channel partially defies the idea that ATP release is needed to cause K ϩ secretion. The opening of connexin hemichannels itself would create an immense efflux of K ϩ . This would be exceedingly effective, because connexin hemichannels, as opposed to the selective K ϩ channel, would not clamp the membrane at the reversal potential for K ϩ . If there is a vast abundance of Cx30 hemichannels in the apical membrane, which is activated by mechanical stress, Cx30 will, by itself, be an efflux pathway for K ϩ , particularly because it simultaneously depolarizes the apical membrane and, thus, allows for prolonged, unhindered K ϩ secretion. This would, in principle, render the K Ca 1.1 channel redundant.
Moreover, ATP generally acts as an effective paracrine factor by laterally spreading via ATP-induced ATP release (3, 15) . ATP-induced ATP release is unlikely to be supported by the connexin hemichannels, which are not activated by an increase in [Ca 2ϩ ]. A subfraction of the hemichannels is, however, stimulated by minor increases in [Ca 2ϩ ] i but inhibited when [Ca 2ϩ ] i exceeds 300 -400 nM (16) . Moreover, some of the connexin hemichannels are inhibited by PKC (30) , which is downstream of the P2Y receptors following G␣ q activation. In addition, many connexin hemichannels are mainly activated by low extracellular Ca 2ϩ . In the kidney, [Ca 2ϩ ] can only fall substantially in the luminal compartment because of the tight regulation of [Ca 2ϩ ] in the blood. In the urine, [Ca 2ϩ ] is normally 3-5 mM (100) and, thus, not low enough to cause stimulation of connexin hemichannels (6). However, after massive water load, it is possible to achieve Ͻ1 mM Ca 2ϩ in the urine (100). Interestingly, a study that addresses the effects of luminal [Ca 2ϩ ] on tubular K ϩ secretion in microperfused distal tubules of rats shows that K ϩ secretion is significantly greater when tubular [Ca 2ϩ ] is decreased to Ͻ0.2 mM (62). In accordance with the overall model, these findings could be explained by opening of Cx30 hemichannels, allowing release of ATP and K ϩ into the luminal compartment. This model could certainly explain why transepithelial potential is lower at 0 than 0.8 mM luminal Ca 2ϩ (62) . Nonetheless, there is compelling evidence for the primary cilium as a flow sensor in renal epithelial cells. As mentioned above, this has been confirmed in renal epithelial cells in cell culture when particular care is taken to control laminar flow conditions. In this context, it must be stressed that isolated changes in laminar flow are not possible in the perfused renal tubules when the standard technique for renal perfusion is applied in the split-open tubule. In the split-open tubule, an increase in superfusion flow rate will create turbulence in the proximity of the edges of the glued-down tissue and very likely lift the edges of the tissue, resulting in mechanical stimulation of the tissue quite far from the site at which mechanical stimulation occurs in vivo. Moreover, the tissue is easily damaged by the procedure, making the more vulnerable cells more prone to release paracrine factors, such as ATP. It is therefore interesting to investigate the dependence of the cilium in vivo in tissue exposed to inartificial flow.
The Primary Cilium as Flow Sensor In Vivo
In living animals, the flow of the various solutions is usually laminar under physiological conditions. In humans, the Reynolds number is only high enough to cause turbulence in the aortic arch (95) , although turbulence also has been suggested to occur immediately downstream of arterial branching and bifurcations in models of the vascular system at Reynolds numbers that normally are consistent with laminar flow (55, 94) . Cells are, in general, sensitive to a large variety of mechanical manipulations, such as deformation and stretch. In this context, it is interesting that the primary cilium apparently makes cells particularly sensitive to subtle changes in laminar flow and, thus, would not be required for more pronounced perturbation of the cells. This was to be expected because of the tissue distribution of the expression of primary cilia. Primary cilia are generally expressed by epithelial cells facing a lumen containing solution passing at modest speed, such as the pancreatic (112) and bile (51) ducts and the renal tubular system (5, 46, 69) . Endothelial cells that experience a higher degree of shear stress do not regularly express primary cilia (105) .
However, there has been sporadic mention of cilia on endothelial cells (aorta decendens, arcus aortae, aorta thorasica, arteria carotis communis, arteria brachiocephalica, and truncus pulmonalis) in rabbit (21, 22) and bovine (10) aortic endothelial cells in culture, human aorta (12), capillaries around human teeth (23) , and capillaries of the spinal cord in 7-wk-old human embryos (11) . This has, however, not been a consistent finding (105) , and human umbilical vein endothelial cells are devoid of primary cilia (105) . Interestingly, primary cilia have been found to develop in areas of low perfusion induced by atherosclerotic plaques, and cilia in endothelia (31) have been shown to disassemble as a function of shear stress (34) . This may explain the inconsistent reports on primary cilia on endothelial cells. Moreover, primary cilia have been shown to be expressed in developing murine aortic endothelial cells, where they can function as sensors of fluid flow in a polycystin 1-dependent (58) and polycystin 2-dependent (1) manner.
Recently, Goetz et al. (29) expanded these findings in a zebrafish in vivo model. They reported that the flow rate in early embryonic cardiovascular development in zebrafish directly depends on heart function. They found that blood flow increased in an almost linear fashion at 24 -28 h after fertilization, which resulted in an increase in the cilium tilt angle to a maximum of 42°at 28 h after fertilization. In this period of early cardiovascular development, 76% of endothelial cells expressed primary cilia. This percentage decreased as the flow intensified, and at 48 h postfertilization, cilia were present in only 4% of the endothelial cells. In morphants lacking troponin T2a, the myocardium does not show cardiac contractions, and, as a consequence, there is no flow in the aorta. In these morphants, the endothelial cells persistently express cilia also in the later phases of development, and these cilia were not deflected. Associated in time to the increase in blood flow and bending of the cilium, the endothelial cells show an increase in [Ca 2ϩ ] i (Fig. 4) , and the flow-induced [Ca 2ϩ ] i was absent in the endothelial cells lacking the intraflagellar transport protein 88 homolog and, thus, primary cilia. The cilium-dependent, flow-mediated [Ca 2ϩ ] i response required endothelial expression of PKD2, which did not change the aortic flow rate. Goetz et al. conclude that the cilium is very sensitive to very subtle shear forces, because the cilium tilt angle and the [Ca 2ϩ ] i response are sensitive to the absence of erythrocytes in the blood. This is, in many aspects, an extraordinary study. Particularly, it demonstrates the functional importance of the cilium-dependent flow response in vivo.
Similar to the development of the cardiovascular system in zebrafish, the immotile primary cilia are essential in flow sensing, leading to the development of left-right asymmetry. In the node of murine embryos, flow generated by motile 9ϩ0 cilia with preserved dynein arms is essential for development of left-right asymmetry (for overview see Refs. 13 and 53). If these cilia are lacking (60, 98, 99) or immotile (61), situs inversus is seen in ϳ50% of the offspring. This is consistent with the finding that situs inversus is common in Kartagener syndrome, which is characterized by cilia with reduced mobility (2, 39). There are, however, some differences between lack of motility of the cilia and complete lack of nodal cilia. In the case of lack of ciliary motility, some of the genes (e.g., nodal and lefty) still show asymmetry (for overview see Ref. 53 ). These discrepancies have led to the proposal of a cilia-type model for generation and sensing of nodal flow (53, 54) . In the node, centrally placed motile cilia with 9ϩ0 structure make circular movements and create a left-right laminar flow (60) . At the rim of the node, regular immotile primary cilia with 9ϩ0 structure have been proposed to sense the laminar flow of the node (53, 54) . It is striking that the PKD2 knockout mouse shows a defect in development of left-right asymmetry (68) . Polycystin 2 was shown to be expressed on the motile (situated on the pit cells) and the immotile (situated on the crown cells) cilia of the node, and in mice lacking PKD2, the characteristic flow-induced [Ca 2ϩ ] on the left side of the node was absent (54) . However, this could, in principle, result from a defect in nodal flow development in PKD2 knockout mice. This defect in nodal flow development in PKD2 knockout mice was recently addressed very convincingly by Hamada's group (111) in an investigation of the two-cilia model of nodal flow. Although this is not strictly an in vivo model, it primarily uses the naturally generated flow by the motile cilia in the node. Hamada's group confirms the lack of sidedness in the expression of nodal and Pitx2 in PKD2-deficient mice (Fig. 5) . Importantly, they demonstrate that the PKD2 knockout mice do not have a reduced nodal flow; thus the lack of polycystin 2 does not alter the ability of the motile cilium to develop nodal flow (111) . Moreover, they showed that the lack of sidedness of PKD2 knockout mice was mimicked in wild-type mice by addition of Gd 3ϩ , thapsigargin, and the IP 3 receptor inhibitor 2-aminoethoxydiphenylborate, whereas the ryanodine receptor pathway did not influence the response. It was verified that the ability of cilia to sense flow requires expression of polycystin 2 in cilia of the crown cells. As an extra refinement, the authors used Kif3a knockout mice, which lack cilia completely in the pit and the crown of the node and express the construct NDE-hsp-Kif3A-IRES-LacZ, which restores cilia in the crown cells. Comparison of these embryos showed no sidedness in the Kif3a knockout mice but did show restoration of the sided expression of the node by rescue of the sensory cilia (as the Kif3a knockout still showed a minor leftward flow). Moreover, the sidedness could be reversed by artificial superimposition of the reverse flow direction over the node. This study convincingly shows that sensory cilia expressing polycystin 2 are necessary to sense the flow direction in the node to determine left and right in embryonic development.
Interestingly, Hamada's group (91) has convincingly shown that motility of as few as two rotating cilia is sufficient to create a nodal flow, which may explain the functional difference between mutations that reduces motility of the cilia to the mutations that result in lack of cilia altogether.
Conclusion
Expression of a primary cilium allows cells to respond to subtle changes in laminar flow. This mechanism is essential for normal function and development of structures selectively exposed to slight mechanical stress.
